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PREFACE

In undertaking to introduce new workers to the field of high

altitude uclear effects and pursuing research in this field a major source

of difficulty has always been the lack of some single source of basic infor-

ination. During the period 1970-1975 D.H. Holland led an attempt to alleviate

this difficulty by convincing experts to interrupt busy schedules to write

a chapter on their area of expertise. The purpose of the chapter would be

to serve as an introduction to the area for a newcomer and as a reference

for a worker in the field. The material presented should not easily become

outdated.

The attempt met with partial success. The accompanying material

has been circulated informally for a few years and found to be useful for

the intended purposes. It is believed that wider distribution in a single

volume would increase its utility.
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CHAP-TER I

FUNDAMENTALS OF RADAR

1.1 INTRODUCTION"J*

The development of radar in the first half of this centry has provided

thle greatest advance in sensing of remotely located objects since the

invention cf the telescope. In contrast to the use of passive optics,

radar p rovides anl active electromagnetic means for probing and sensing

thc environment. The type of electromagnetic radiation employed

frequonce> ,, iv'.eformn, )affectv the typne Wn tpil t of i nforw&Ti1o
rcecived about the environment. Most important, radar provides an all-

aeather, day-night capability not enjoyed hy ground-based optics, a

consideration that is critical for many civilian and wiing- appli cat ions.

loae hord RADAR is ni ac ronym~ wh i ch i s derived fromn ' R1 i P 1t cc t ion And

Rang ing.'' Thc developmiint of radar has strongly motivteud by a need to

detect and locate host ile enemy a irc raft, anJ it has instrimnenta 1 inl

hminin, the irattie ot Brita in in PKorld War I1 I. The name radar retflects

earl., emiphasi s on its use for ranging and, measimnt of the direct icn of

targets. In modern radar the measurements of range and angle, while~

st ill im;portanlt, represcnt on ly two of many si gnif'caliL Wtuet "hin

t canl perforn. Some' of t hes;e nc t.i ens will be di:cu seCb Io

!Radair ill its si:{i est form is illuLst rated in Fig. 1-1. H ie t tasm itt er

emtsele'umgic-ic ra'liat ionl wii cl is: beameid 1by the anutclhna' toav.ard the

A i k iel hi Sto 'I' ra ~ da r i eut in ill eI 1-2.
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target. A portion of this radiation is intercepted by the target and is

reradiated (scattered) in all directions. A portion of this reradiated

energy is collected by the receiver whese it is processed to detect the

presence of a target and to estimate target parameters. _he distance.

to the target is determined from the amount of time reuired for thet
.4

radiated signal to travel out to the target and back. ihe angIc or A,

direction of the target may Le determined from the anglo-of-arrival 1-I

the w-Iavefront at the receiver or simply ,,,- kioi ing tlat the ta rget Iies 

within a narrow antenna beam. If the target is moving, its radiaol

motion can be sensed hy mcasur ng the doppler shift of the ca:'icr

(. c ., center) frequency of the reflected silenal. IBadial llot ionL ';t

also bc sensed (though not al-,ays as accurately by mczlsurii K the ti:ie

rate of chalngc of range.

- fJlr

NI- - ri's" I

/

Figure 1-1. Block diagram of simple radar.

[Ie L ci' i i le 'n1i0j 52 2i,:i ill , 1-1 c:ipl . St]jl lit 2 I!. 01 -

;it lln u 1 ior ;i1-.d S 'I i lc i': ,::t OM'IL t lx c to1"11 til "-.;tilic t



from ovcrloading or saturating tile receiver. In some applications tile

problem . of protecting the receiver from the transmitter is so diffi(;ult

.that it i~s more economical to use separate antennas, even though these

111V be s idc-lw- side, If a single antenna is employed, or the transmit

,i:cl ieceive antennas are colocated, the r&-lar is termed "monostatic."

If the transmitter and receiver are separated by a substantial distant.-,

tile 1ratti.r is termed "bistatic." The term "nultistatic" implies one or

moi e transmitters operating together with one or move rece~vers * Since

thc vast na~ori ty of radars operating today are moostatic, thle dis-

eUSsion of thle next feN sections is confined primarily to thle inonostatic

eac~i, It is anticipated that multistatic radars will in the future be-

cor-ic increasingly popular for certain applicati ens, however.

A\; noted abov-e, modern radar is called upon to perform a var~ety of

tY o ic jcnt fu nc tion, t ho ugh a g ivxen ra da r may b e c all1ed upon t o pe rform

(ilyon(: or a few of these functions. The relative importance of these

1funct.ions-- depends oai the particular problem. The more significant

::,ct111 .al rchdscussed bLw

I)ctuction: To determine whether a target is present or absent;

more speccificalily, to determine whether a target is present in a

, ,ic-i region of space, or in a given radar resolution cell. * c-

teetion is required for warning.

R soiUt ionl: 't'he ahi lity to separate two targets in one or more

r~r coordhinates-, range!1, angle. radial velocity. Resolution

I)ucoIIs] .iportanlt when many cargets arc close together. eso 1Lit ion

j- 11suai IN a pre istoto the inca surcnent of target 11 -rameiteris.

,Mc~iF~ u rerncW : or example, the me:asulrement of riwLge, angle, kvelocity,

i dcr ivait iv's 01' these (juantiti Cs. ]he (jWn11 ty Of 111Ca SUrCMent

teniaccuracy.

9



Discrimination: The ability to recognize the difference between

different classes of objects; for example, to distinguish between

satellites, missiles, and aircraft. The most famous is to dis-

tinguish between missile warheads and decoys.

- !7 Signature A\nalysis: The extraction1 of information from a target
(e.g., translational and rotational motion, size, shape, mass,

moments of inertia, atc..), which can be used to deduce its identi-

fication, mission or character. An example is the application of

signature analysis to space object identification (SOI).

'racking: Thie ability to maintain observations on a previously

detected object and to use these measurements to predict its

future location and velocity. Tracking is essential for guidance

ot In1terevptors to a target.

Imaging: Certain typcs of radars arc able to construct two-

dimensioual images of targets. Side-lookiing ground mapping radar

and razige-doppler napping of planets are both good examples.

Imnagin~g has also !)CCO performed or. satellite vehicles. Imaging is

a form of sipnature analysis and it can be employed for identifi-

cation and mission analysis.

The ability to imrform a part icular- funct ion gencrall1y depends on thle

operating frequency of thle radar. Therefore, radars are de-signed to

operate at frequcTie1s that depend on thle fUnctions to he perfurmed.

The nomnenc latuire used to denote the various operating Lands in the

radio/radi spectrwLn is given in Fig. 1-2.

The per'forina ncc of 1m10st of 1rh es fuIc t ionIS would he I';m tier s tl l'Jgt -

forwar i'd wre it not f'or the presence of nloise, wh~i ch 1 ci ds to 'statiSt C a I

uncertin1t ivs In. Iidiiion ILtcIL)4L

11 ecan airise fiim antenna anld line losses, Solar rid i t ion, nlaturlal

10
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and man-made interference, the galactic (i.e., stellar) background, and

thermal radiation from the earth and planets. In certain problems

intentional jamming can be the predominant consideration. Noise may

also arise due to-unwanted returns from clutter,-such as ground clutter,

sea clutter, meteor returns, aurorae, radar chaff, and unwanted targets.

Thie propagation medium can further complicate the situation by distorting - .

the radar signal. Examples include radar multipath, atmospherically
induced amplitude and phase scintillation, ionospherically induced bond-

ing, signal dispersion and polarization rotation, etc. It is the

presence of these disturbing influences that makes the radar problem

real ly challenging.

Wavelen9th

0 r 1 "10 n 1 10 c, 1 Cr. nv,

YLF LF ,F HF VHF UHF SHF EHF

Radar

L 1-2 GHZ I R

S 2-4 GHZ

C 4-8 GHZ

Aud o Broldcast Ku 12.5-IL ',Hz

Pi 1'-76.5 "

Ka Z6.b-.I) GIQ

Mlcrowaves

3 ' k .: hz 3 '' 4z 30 '-'z 32- Y'. 3 "z 0

Figure 1-2. Radio spectrum.

lhough Imanly of thc hasic CoujsJLICdt ionS of iiicrow,( radar :ply . :Iso

to laser radar, no at tepdIe)t % 1 hC IIIadc t0 CC I' t lit sul Iect ill th is

.T chapter. Conventional radars can be described in terms of lurll el

11



classical physics because they operate in regimes where the number of

photons involved in the processes of interest is very large, so that

classical field theory is applicable; the same is not generally true

of laser systems, where only a small number of photons may, be detected

in the returned sigonal and quantum effects must be taken into account.

1.2 THE RADAR INSTRUMENT

A block diagram of a typical pulse radar is sh,)wn in F~ig. 1-3. In

order to maintain accurate timing and p~hase coherence, all timing pulses

and local oscillator (LO) signals are derived from a stable masterI
oscillator. The master oscillator drives a waveform generator, the

output of which is usually at some intermediate frequency (IF:) -;uctiI
as 30 MHz. "Abe waverorm may consist of a si!%ple sinusoidal pulse, L

uniform train of such pulses, or some more complicated waveform. The

signal i5 then frequency, translated ( ~,mixed) up to some radio

frequency (RF) such as 3000 N4Iz, where it is amplified and pas.,ed by

a transmit-receive (*FR) switch to the radar antenna. The antenna

hielps beami the tranim-itted radiation toward the target and exclude

unwanted returns fromm objects outside the bean. Some reflected eniergy

from the target, usually with both time delay and d'oplelr shift, is

intcrccpted by the antenna and passed by the TR switch to ai low-nioise

preal:p Iificr such as a parametric amplifier (Ref. 1-2) . The ampli f ied

signal is mixed from RP down to IF, amnplified and processed by at

matchecd filter (or approximate eciuivalent) . The matched filter Uu;l l
takes the form of a i neair filter network w.hich has hoon optPiized to

rn~rxmjni Ze si 'laml -to-nloi so ratio and to facilitate the extract ion of

talrget pa raieters. '11 The otput Of the Wa'tched filter Still usuIa]y

cont :jiris carrier phase i nformna tion wh ic h is cony eneit I removed inl

an Ceiveloji detector. More integration mLvy take place at the output

of the enlvelope detector, termedi post -detect ion or non-coohcrent

integrat ion, to provide a further inlcrease inl siga 1-to-no i s rati'

After \ ido( *., low frcoquciicyj amplIificat ion time proces sod si g-ini

12
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Tiit Synch Pulses 
. I
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-

ra:

Mastectr WavI Pr ixera pynifi

Fgr 1-3. Blc Generator

is sedinltor som tyoo vsa dslysuha actoe a ub CT

r aomatcd IF Pre T Rile Amr Amp oa

Figure n-3. Block diagram of typical pulse radar.

is fed into some type of visual display such as a cathode ray tube (CRT)

or automatic detection and processing equipment. The trend in recent

y'ears has been to rely more and more heavily on completely automated

detection and processing equipment. Some typical search radar dis-

plays are shown in Fig. 1-4.* The most popular of these is the

PPI (plan position indicator).

1.3 THE RADAR RANGE EQUATION

1.3.1 DERIVATION

The radar range equation, usually called simply the radar equation, is

the hasic relation for determining the detectability of a target in

terms of its cross section, range and the known characteristics of the

radar. I)etectability is usuilly expressed in terms of signal-to-noise

ratio, S/N, which can be determined as a function of target range from

* See, for example, Fig. 1-,(a) of Rcf. 1-3.

13



Azimuth Elevation

AngleAngle

(plan position indicator) (Range-.helqht indicator)

Range ,ange
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rigure 1-4. Search radar displays.
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the radar equation. Various forms of this well known equation are

derived below.

Consider a transmitter that radiates power P isotropically, so that I
the power radiated- is uniformly distributed over a sphere-centered at-

the transmitter. The power density (.L.e., power per unit area) at a

. -- range R is then P/4rR 2
. -If the transmitter is now connected to a

directional lossless antenna, the effect is to increase the power

radiated in some directions and to decrease that radiated in others in

such a way that the total power radiated remains constant. The distri-

bution in angle of the radiated power is called the antenna gain pattern.

The antenna pattern can be characterized by an angular function G(O, ,),

the gain function, such that the power density at the point with polar

coordinates R, e, ¢, is PG(O,()/4-,R2 . From its definition, it follows

that for an isotropic radiator G(6,1) = I for all angles, and that

for an arbitrary lossless antenna the integral over solid angle is

= 4.. Thus, speaking crudely, G is determined by the ratio

of the total solid angle, 4z, to the solid angle, PB oi- the beam

into which power is radiated, .e., G B4/ . If the antenna is

diffraction limited, the angular width, of the bean is approximately

B- /D, where 1) is the diameter of the antenna. Therefore, for a

roughly circular antenpa

; B 4- )2 = 4-,)/, "  = 4TA/-."

where A is the area of the antenna. \ntenna theory shows (Ref. I-3)

that this reiation is approximately correct for areas of arbitrary

shape. If, as we shall assume, this aperture is employed for reception,

thcor., also shows that the effective recciving aperture is gien e y
A = (;;z/24:;

The radar cross sect ion (RCS) , denoted .:7, of an ob.j Oct is defi ned a:;

the cross sectional area of an eduiva1eont isotropic CeflCctor whiich, it'

located at the same position, would g ive the sane echo strens-th as the

ob e.'ct. Since a; sphere large colhipared ith a wavelength is In i,,t ropic
: 15
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1

scatterer, a can be thought of as the cross sectional area of an ---

equivalent sphere. Thus, to obtain the power density at the receiver,

one must multiply the power density at the target by a factor a/4.R 2, 

which yields

-reflected power density - PGo -

at the receiver (4TR 2)2  (l-2V ,,

a fora _given target, is not a simple number, but is a function of

the aspect at which the target is viewed.

The total power captured by the receiving antenna is found by multiply-

ing this power density by the effective receiving aperture A. The re-

ceived signal power S is then given by

G-' (3 (A) =PG' X20 13

As noted earlier, the actual performance of a radar depends not only on

the strength of the returned signal and the sensitivity of the receiver,

but also on the extent to which noise interferes with interpretation of

the echo. Noise can arise from a variety of sources. Usually the noise

spectrum is approximately flat over the receiver bandwidth. The total

noise power N in this band that competes with the signal is defined in

terms of the dimensionless operating noise faclor NF (sometimes calledU

system noise factor or operating noise figure'

N = kT BNF , .1--)o 0

wheic k is Boltzmann's constant (1.38 X 10- 2 3w/cps 'K), T = .90 0 K,

and B is the (effnctive receiver bandwidth in llertz. The system noise

temperature T is defined T = T NF , and N is sometines writtenS 5 0 0

N = kT B

The advent of low itoise receivers such as parametric amplifiers and

masers has permitted very low values of T to be attained. With proper

attention to choice of frequency, operating environment, reduction ot

* See, for example, Section .1.1 of Ref. 1-3.

16



antenna and line losses, ctc., system noise temperatures well below

100°K can be achieved.

Combining Eqs. 1-3 and 1-4 yields for S/N

S PG-2 ( -

(4ir) ,R(kTB-NF L

where a factor L has been included to account for system losses which

can arise froi: many sources. A well designed and maintained radar has

losses that typically range fron 8-12 dB. Note that S/N is the signal

power to noise power ratio at a time when the signal has reached its

peak, and at a point in the receiver where the return has been restricted

to a bandwidth B which is not less than the radiated signal bandwidth.

1.3.2 OTHER FORMS OF THE RADAR EQUATION

The above form of the radar equation is usually derived for the case

where the transmitted waveform is a simple sinusoidal pulse (of duration

T) and the receiver bandwidch B is chosen to be matched to this pulse

(B : l/-). P is then replaced by P. the radar peak power. The equation

can be put in a more general form with the substitutions

E E received signal energy = ST

N 0- -noise power per Hertz = N/B

B -1,.T (the matched filter condition)

Then

i--- PTGX 2  (1-6)
N0  (4 T) 3R kT NF L

0 0

The quantity E/N , the signal energy-to-noise power per Hertz, is a0

dirensionless ratio that characterize.s signal detectability (Ref. 1-4).

The significance of this quantity will be discussed further in Sec.l. 6 .

In situations where a number of pulses are integrated, P)T in Eq. 1-6

is replaced by PTI where P is the average power and TI is the coherent

integration interval. In that case, Eq. 1-6 is replaiced by

17



PT IG 2 2G

when separate antennas aire employed for transmit and receive; e.7.,

- -- n-a bistatic radar, Eq, 1-7 is general ized to .-

E ~PT IC TG k 2

0 (4T) 'R R kT NF LL
T R o oT R

where GTand G R are the transmit and receive antenna gains, R1. and RR

are the target ranges from the transmitter and receiver, and L T and L R

are losses appropriate to the transmitter and receiver, respectively

(note that for moriostatic radar L =LTLR). One muIst, of course, employ

a value of u which is appropriate for the geometry and the polarizations

of transmitter and receiver.

1.3.3 SEARCH RADAR EQUATION

The above forms of the radar equation apply to a situation where one

desires to calculate the detectabilit' of a target located in the radar

beam. Suppose instead one wishes to determine the requirements on the

radar for conducting a search for targets in a solid angle Q during a

frame time T F'The solid angle of the radar beam Q Bis given approxi-

mately by

B - T(1-9)

Thle effective time T Ispent by thc radar in each beam position is then

rT 4-iT

It is; aissumed that the energy received in the time T I is coherently
rocesse -in phas;e co;-icent Tanr.'he energy dcvot-ed t0 S'eArCh i n~t

ctlch heaw IP IOi t i o i s iml 1'l whe:rc P i s the averagc r'adAar power.

)C t t i III TA', n s1ft~tn nx C -rrCsSi on for IiE.-
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which can be rewritten as :
<.(E/N )

o0 aPA (1-12)
F 4irR kT 1.

0 0

The expression on the left is a measurement of the search capability

of tht' radar. Fq. 1-12 exprcsses the well known results that the

search caailt of a radar is determained byits power -airtnre

product and is niot explic:itly a function of antenna gain or wavelength.

if separate antennas had been employed for transmit and recei-e, th-e

A entering the above equation would be for the receiving ar :rture.

1.3.4 RADAR RANGE N THE PRESENCE OF JAMMING

When radar' is operated in the presence of strong external interforenco

such a-s jammiing, tlio nioise levecl at the receiver mnay be- dominated by

the external nlois-e- I or certain tpsof problem,.s the radar must be

designed to fUnction in an. ICM (electronic countermeasures) environment

wher-~itn oaIz:I: n no iso can be vcry P.-uch ia~,rthan receiver

Tnoise. Fhe two cass f iru crest rcsidelobe i amijic. -Ind main lobe

Janim j g.

Sidelobe Jamming

inc Jaii.jar auoise power N. at the ruceiver V i- eth

whe . iS the I0.: - .i''

gain. Jn thu dirction of thte raidar, al- i. the i-ntcenm ii .:1ii ;

po inrtcd i n r i' cJ i rct i~f on r , f ' T 1 i o'.:' i S cf-i (''r a i

00C eftc i e 1a.)>i'H' ;' flli 11 Cint *:k;; h n e

cearuir I.:~ C, C.. j'. ~ I s"it-l
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S 1
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The signal energy-to-noise power per cycle ratio is given by

... .E PTIG 2R2B a

N 4,P.G.G R1-03 3 J S

where N is the noise power per Hertz of the jammer and B. is itsoJ 1
radiating bandwidth. Operation in an ECM environment provides one of

the principal incentives for designing antennas with low sidelobes.

Mainlobe Jamming

In certain situations an adversary might find it advantageous to deloy

a very large number Gf small, low-power jammers in order to fill up

many or all :nain beam positions of the radar %,ith iaaituers. lhc above

equations can be adapted to this case simply by setting G
s

- PGR.o

Nj 4TP .G .R"

and

N ' E GR2Bj° (1-17)
NoJ 4-.P G( )R'

Although many mainlobe laitir.crs may bc required to fill many beam positions,

these jammers have two very importanL advantages over sideloic jamners:

1) the power required for masking a target is much lower and 2) cancel-

lation techniques ar- usually not effective.

1 .4 ANTENNAS*

Therc are many differcnt types of radar antennas, but they Al basicall-v

perform similar functions. 'he radar antenna acts as a transducer be-

* See Qt. -5.
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tween the transmitter and free space, It serves to beam the radiated

energy in a particular direction and to provide a collecting aperture

for reflected energy. The antenna beam also provides a basis for

rejecting unwanted signals that emanate from points outside the beam.

The energy that arrives at the antenna aperture can, furthermore, be

processed to determine the direction of arrival of the incident radiation.

-The directivity of an antenna is determined by its gain. An antenna with

unity gain is one that radiates its power P uniformly in all directions,

so that the radiated power per unit solid angle i6 P/47r. An antenna

with gain G(0,f), a function of pointing angles 6 and ¢, will radiate

a power per solid ahglc of PG(0,y)/4-.

Note that G(6,¢) is a dimensionless quantity that represenLs a ratio

of powers and is therefore often referred to as a po.cr gain. lo] a

lossless system the integral of the power per triit solid :D,;lc over all

angles must equal the input power P.

If PG(O, f)ld -- 1-18)

from which it follows that, as previously nioted

1fG(a, p)dQ = 1 C-19)

For a dissipative system the integral woul, 1h css ti:Iil UP it.'. lhV

equation states that the average gain of " loss jcss anteniva is unity.

Since the main beam gain G = G(O, 0) is reenerally ;:::ch ,,.itcr than

unity, it follows that the average antenna gain in "c si~leloh, rciion

must be less than unity'.

. If the transmitted power could be radiated uniformly i:,to a huaa. kf

solid angle 'B then the gain iusii - this .., ;ouild be

B
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51 iIii sini' E-.. s3mp c.M onrMUMS 1Xere written~

f70rtIii V -A a.Lehnn. U -ze e-s:. casily generalized to the

casc a~ Y td,! a ntoia as fol~svs. The solid angle 0 is giwoin

aj~~~~prux~o Me . '~LAO:c~O beamwtdths 93 and 4 in two

-orthogmna id o )

S i Tc C (1 cc 8i5 about 40,000 square degrees, an antenna with

a os-de ue i ycr hs a gain of 40,000 or 46 dB. Fur a rectang-

ulzir ssno'-p r- titc Icon widihs eand ~Bare related co wavelength X and

apartu- *'' is icns Ws :W D2 approximately by BB =V!,T= /2

(1-22)~

S1 2tICe :i!tcsifa ioyur rea. Eqg. 1-22 is a generali

oil? Lir n'car <ortures of arbitrary shape. in practice,

tmu uisfuctiv unan .pertcire \ is usually somewhat smaller than the

pil':> Pc] in ;;; due t, ac- -ideal illumination and losses,. If the

s~~nv ~ C) 1rn~ Ki mylye Fir ri-teption, basic antenna teory states

tIi th, & , v -. -' " l, :id :r..aisni:iit., areas are equialI.

In prot no1 I SCtransmitted ener y can be confined to the main

K: - 8 t-aSo t.* ante. 'a -j.5a ti -. W o ariiut DC made i dentica1lly zero

Outsit. I- ' CM. . h- words, Use antenna will have sidelohos

in!, iAch s -9cW ~.r w' C: i Or rad iot roid via whtrlhs Signals car Aol

Q, 1'L is cS~n! s ui v j5r.b hi M- a make s id loe 0VI IS\OT) SM] 11

LO to lure IVcLUMS Atru iumilst ed signals such as c ttor, Y- a

1 UCMC inlt,. ferenice a11110 othc1i sources, of exterual is.

A.:l g. lii [~c 101ion C , ican he cal nda sted from the -rrrwn1

.:-itasgoJ excittio01 (or ii I i nat ion) fsiiithi aic ross an:11 i[Cti e

l'Ci (ssal l ssssinilct to he pnii-,. ,teLIWI ti

- ited sit VaWIOis jis 1 tilL' sin rilisi :tii;i ti-iIlst51 155 in ,Ise ! II-.1



created by the antenna at any given point in space is -xpressible as a

linear superposition, with appropriate phase shift to account for path

delay, of the effects of the excitation across the aperture, The form

of the resulting expression for field intensity depends on whether. the.
point is in the near field or far field region of the antenna. The
near field and far field regions are sometimes referred to as the

Fresnel and Fraunhofer regions, respectively. The usual criterion for

the transition point betweei, these two regions is R 2D2/X. This

criterion is based on the requirement that the portion of a spherical

wave emanating from a point at range R which is intercepted by the

antenna aperture be planar to within a distance )/S (a 45' phase error).

Most radar antennas arc operated well into the far field region, so that

the plane have assumption usually (though iot always) prove to be excel-

lent. :

Antenna theory states that for the fir field region the field stl ngth

is a twt,-di.:.onsionml Fourier transform cf the aperture illumination

function. The ,,ain C(O,, is of course, proportion-I to the square

of tile field strcr-_ti-. Maximum gaii:- is obtained when the aperture

ilumination functr'j: Ki; uniform -. e., constant modulus). For a one-

dimensional unifori.l illuminated znperture of length D, G(e,q) has

the form

G;(N , v+  -- -i2. Tx s irIe"tJ . dx

- I)," 2

i
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where it has been assumed that e is small enough so that sine

The dBbeamwidth for this antenna, which is the width of thc

angular region where the gain is within a factor of 2 of its peak

value, is readily calculated to be 0. 89X/D radians. This beamwidth

I--was calculated for a beam position which is perpendicular to the plane-

of the aperture. The beam can be scanned mechanically by physical ly
rotating the aperture, or electronically by introducing a phase

variation into the aperture illumination function which is a linear

function of x. Electronic scanning of the bamn will cause the heami

to broaden as it is scanned away from the face normal because the P

I effective aperture width (in a direction porpendicular to the beam) i
is reduced.

a ieso mle ekcl ds e bssron gtem che (s in 2 x) /x 2 gain pattern for a on iformlIy i ]loin iinat cd ape rture sI

at x = 0. Thle lari~est of these is ad i acunt to the mai n beaml and i

only 13 db lower. This sidclobe level is uinacceptably high for many

applications. At some sacrifice in maili beam gain and some beam broad-

ening, one cari achieve lower sidelobes bNy us1ing a "tapered' aperture
illuminati-)n function (pcone which decreases gradually to a small

valuec near the edge of thc aperture). .'Antenn;! gain patterns arc
F,

read ily derved by takinq the two-dimnensional1 Fourier tranlsform of the

aperturc ili -~nat ion funct ion. A number of tjeful :imtenjia func'ti ens

have been tabulated by) Barton, and an extract frnm tlhesc iS summ111arized

the li near aperture di stancc ,, while thle apferturc funictionis with

circular symmietrNy arL given iii terms ot' the d istaic j- fru!-d the cenlter

ol" h aperture. eaiQgiii tile anlt 2ilna vai 10el1i uy to Ithai ')I'

b ~' a ujitformi e1 i1i linted Jaertkl*Lr. Thi s uuartity, "1Cc xpe; e a

pecrcenitage, is often~ reCferreld to aSt tie pte efiiny In or-der

to o'atain the 3H .M . half-power'' h earnwidth Ill radianis. 'any- sh~oul,'

SSee 1-f.I6.
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Table 1-1. Radiation patterns for various antenna

aperture illumination functions.

Aperture-1llumination Relative -Normalized-3 dB Ratio of-Power in Main
Function Gain (dB) Beamwidth Beam to Power in First

_________________ _______ (radians) Sidelobe (dB)

l xli<D/2-- -- I
Uniform: I(x)=l 0.0 0.886 13.3J

Cosine: I(x)=cos n(rx/D)

nl-0.956 1.189 23

n=2 -1.304 1.441 31.5

n=3 -2.44 1.659 39

n=4 -2.93 1.849 47

Function:

n~1 -0.836 1.179 21.3

n=2 -1.59 1.365 27.5

r,=3 -2.17 1.568 34.7

n=4 -2.63 1.731 38.5

Cosi ne-on-Pedestal

I W)=k+(1 -k)cos (-rx/D)
k=0.5 -0.157 0.996 17.8

k=0.2 -0.516 1.069 21.8

Ci:-cular Functions

I(r)±C-1-(2r/D) ,n

n 0 (uniform) 0.0 1.016 17.6

1-1.34 1.267 24.5

n =2 -2.64 1.467 30.5

n =3 -3.68 1.681 35.8

n =4 -4.52 1.889 40,6
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multiply the number in the normalized beamwidth column by ,/D. From

the table it is seen that the more heavily tapered the aperture, the

lower is the aperture efficiency, the broader is the beamwidth, and

the lower is the first sidelobe. It is possible to make sidelobes

extremely low with proper choice of illumination function provided

good '-,ntenna tolerances can be maintained. t

There exist several different basic types of antennas: reflectors,

lenses, phased arrays, and hybrid antennas which are combinations of

these. The basic antenna considerations discussed thus far apply to

all of these. Jmplicit in this discussion has been the assumption that [

the antennas are operated at a single frequei.-v or over a nzrrow band

of frequencies. Occasionally it is desired to operate an antenna over

a wide band of frequencies. The broadband behavior of an antenna can

be determined from its narrowband (or single frequency) response in

the same sense that the broadband behavior of a linear filter is

characterized by its single frequency response ... frequency.

Antenna theory is a highly complex subject, but simple types of

antennas such as parabolic reflectors and lense antennas are readily

understood in a qualitative manner by using geometrical optics approxi-

mations. For simple applications where only one or a small number of

radar beams is required, and the coverage limitations imposed by mechani-

cal scanning of the antenna does not represent a serious disadvantage,

these conventional types of antennas can be quitC satisfactory, particu-

larly from a cost standpoint. The electronically s,,anned phased array

antenna which has come into its own during the past 15 )ears providcs

certain important and unique capabilities that are not available in

conventional antennas. Thcse incIlde rapid beam canning agility and

an ability to form large Inu,d)ters of siMnltanCous receiving beams. It

1 -- 01,1-- , in 1principlo, to obtain lower sido.lobcs thro,1uch

improved control of thc aperture illunimAtion function.
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A simple one-dimensional linear array is illustrated in Fig. 1-5.

The array elements which may be dipoles, wa\'eguide horns or any other

type of antenna, are uniformly spaced.

12 3' 4

Figure 1-5. Linear-phased array.

Most arravs have an element spacing of about one-half wavelenlgth. Th e

arrav may be used for tran-rissioi or reception or both. The phaqe

-,hifts :-associotvd "with _,Ieclme:nt inicrvase (or decrease) 1i'iearly-

wi th eltenent number so as just to compensate for the d iffereit i a I pha se

shift due to the inclination 6 of the wavefront. The direction of the

beQam is determined by contralling these phase shift values. A variety

of c lectronic t ec hniques are usecd for centriol i n, beam-. stoeei g I'Y c

tr:11Iing' these cl ement phi sc shifts.

k bah a rra v C'u~i 1 CTD 1;t' i' 'i I~ I "N 01f thIe t oItl jIi 'nvs,

i nc jdont on the a.riy lace. Propur ( :Ie~Oiit Ipha'.ing and cohulerciv'

vwhich is N t 0:c;I;~ri;iai t hc iaI-t-b lat" :it reI b-

ccv -Ic.eLt; ]It. It I-oft-tn de-sird'-lo to connoct ;in ite'i

27



the output of each element prior to addition in order to avoid signal-

to-noise degradation from line losses and mismatches. It is then

possible to form a large number of receiving beams simultaneously,

where each beam is formed by an appropriate cummation of the phase

shifted outputs .of. these amplifiers.

The two-dimensional planar array represents a straightforward exten-

sion, in principle, of the linear array. Element phase shift values- -

must be chosen in order to accomplish scanning in two angular dimen-

sions. While the beam of a linear array tends to be fan shaped (i.e., -

very broad in one dimension), one can obtain a pencil beam by using

a square or circular planar array. Many other types of arrays are

possible, including array elements mounted on the surface of a

cylinder or sphere.

1.5 RADAR CROSS SECTION*

The radar cross section (RCS) of an object is defined as the area inter-

cepting that amount of power which, when reradiated isotropically,

produces a signal strength at the receiver equal to that from the

object. As we have seen in the discussion of the radar equation, a

knowledge of radar cross section is necessary to determine radar

performance. Unfortunately the problem of determining RCS for objects

of complicated shape is not simple, and RCS is only loosely correlated

with the physical area of an object. Exact, or nearly exact, solutions

of Maxwell's equations to determine RCS has only been obtained for a

few canonical shapes. To the extent that targets of interest can be

identified with or resolved into a set of reflcetois with these shapes,

RCS value.s for these shapes can prove useful.

The ICS of a conducting sphere as a function of sphere radius over wave-

ie th, a/, is qhnwn in Iiv'. 1-(..'[he PC S hi boon no nunIi zel to

* See Rcf. 1-7.
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